ABSTRACT
INTRODUCTION
model output and validation, and investigate the lags and changes in water availability with respect 140 to climate variability. The main conclusions drawn from the study are given in section 6.
141

METHODOLOGY
142
Pearson correlation is used to determine the relationship between climate indices and gauged 143 seasonal precipitation data. Kriging interpolation is employed to map the spatial variation of the 144 correlation coefficient across the study area. Runoff, which is a proxy for surface water availability,
145
is obtained from an LSM. The factors considered in the selection of the most appropriate LSM for 146 the region is discussed. Continuous wavelet transform is used to investigate the temporal structure 147 and influence of climate variability on water availability. 
LAND SURFACE MODELING
157
LSMs compute terrestrial water, energy, momentum, and bio-geochemical exchange processes by disagreement between modeled and measured runoff in high and less regulated basins. and uncoupled modes [Mitchell, 2005] .
201
Noah is a stand-alone 1-D column model that can simulate soil moisture (both liquid and frozen),
202
soil temperature, skin temperature, snowpack depth, snowpack water equivalent, canopy water 203 content, and water and energy flux terms of the surface water and energy balance [Mitchell, 2005] .
204
The model has a snow layer and a canopy layer. The soil profile extends to a depth of 2 m divided temperature of the lowest atmospheric layer is below 0°C. The total evaporation, in the absence of 210 snow, is the sum of direct evaporation from the topmost soil layer [Mahfouf and Noilhan, 1991 
CONTINUOUS WAVELET TRANSFORM
247
Wavelet transform decomposes a signal in terms of some elementary functions derived from a 248 "mother wavelet" using a sliding window function whose radius increases in space (i.e., decreasing 249 in frequency), allowing the low-frequency content of the signal to be resolved [Rivera et al., 2004] .
250
A number of mother wavelets are commonly used, and can be grouped into continuous and 
Multi-ENSO Index (MEI)
366
MEI is not based solely on SST but is a multivariate index based on six variables recorded over the 
El Niño Modoki (EMI)
377
EMI is available from the Japan Agency for Marine-Earth Science and Technology
378
(http://www.jamstec.go.jp/frcgc/research/d1/iod/modoki_home.html.en). It is defined as the mouth as it discharges into RG. Figure 4 shows the isohyet of the annual mean precipitation and is associated with a drought that affected most of the northeast US [Namais, 1966; 1967 
ENSO -Niño 3.4, MEI, and EMI
541
The seasonal kriging plots for Niño 3.4 is given in Figure 8 why El Niños tend to be stronger than La Niñas [Neelin, 2010] .
619
All these differences make it difficult to rank El Niños (La Niñas). It is hard to define the criteria to 620 be used for such ranking; should it be (i) the duration above (or below) the defined threshold, (ii)
621
the maximum (or minimum) SST recorded, or (iii) the total duration of the event in the phase of 622 interest [Wolter and Timlin, 1998 ]? Glantz [1998] argues that a number of socio economic criteria,
623
such as global spread of impacts, costs of devastation, or even public perception and media 624 coverage, should also be considered. These criteria, however, are too complex and not totally 625 objective and will thus not be considered in this study. unlikely the result of natural decadal-timescale variation but is rather influenced by global warming.
645
The 1997-1998 El Niño, which developed earlier than the scientific community expected, is also 646 noteworthy and has been dubbed "the climate event of the century" [Changnon and Bell, 2000] .
647
Unlike the 1991-1995 event, it lasted only 13 months but was still one of the strongest on record 1988, and is one of the lowest on record.
661
When the total duration the index remain in the positive or negative phase is considered, the same El
662
Niños are ranked, but a slight difference is noted in the order of La Niñas. The 1983-1986 event,
663
even though has fewer months below the threshold, takes longer to decay, and hence supersedes the The effect of ENSO on water availability, based on the criteria discussed above, will be examined to where r is the pixel runoff at the temporal scale of interest, a is the area of the corresponding pixel,
682
and n is the number of pixel in the sub-region considered.
683
Before assessing changes in water availability, we evaluated NLDAS-2 and runoff from Noah LSM 684 against observations to assess the validity of our approach. 
Model Validation
686
Precipitation
687
The precipitation field in NLDAS-2 is derived from a number of sources whose coverage near the 688 US borders and beyond is often limited. The product has been extensively validated over CONUS 689 but has not received the same treatment beyond the US borders. Given that RG is a transboundary 690 basin, extending into Mexico, and that the density and length of precipitation record in Mexico is 691 low, it is important to verify the adequacy of NLDAS-2 over the Mexican portion of the basin. We The precipitation field in NLDAS does not agree very well with station observations at the hourly 701 timescale, but as the data is aggregated over longer timescales the correlation increases [Luo et al., 702 2003]. This is because NLDAS-2 precipitation is generated from multiple sources and averaged over 703 the domain of interest. We compared precipitation at the monthly scale. Figure 10 
715
The RMSD values for the Río Conchos and Lower RG are greater than that for the Upper-Middle
716
RG by a factor of three. This can be attributed to the fact that the Upper-Middle RG has a dense 717 network uniformly spread over the whole region, while in Mexico the density and spread is limited. accounted for [Wurbs, 2006] . Noah accounts for evaporation, infiltration, and other hydrological 
792
Variations at both ENSO and PDO frequencies are apparent in the wavelet power spectrum of AAR. peaked earlier in September and thus the range considered was from December before to May after 823 the peak. Table 3 gives monthly lag correlation coefficients of AAR of the whole RG basin relative were observed for AAR of the whole basin with respect to most El Niños and La Niñas. It is 827 interesting to note that for some events a negative correlation was observed despite the fact that
828
there is an overall dominant positive correlation between ENSO and runoff in the basin.
829
Lag correlation was also computed for each sub-region and the consolidated result of the statistically 830 significant correlations is shown in Table 4 . For the 1998-2000 La Niña, which is bimodal, the lags 
Changes in Water Availability
842
In order to assess the effects of ENSO events on water availability, the seasonal percentage change before reaching its peak temperature and the 1998-2000 La Niña was bi-modal, with two distinct 849 troughs, over a 27-month period.
850
The first thing we note is that even though there is a general tendency for an increase (decrease) in PDO generally enhances ENSO events [Kurtzman and Scanlon, 2007 ], therefore we also consider 855 the phases of PDO for corresponding major El Niño and La Niña events in our discussion. Table 5 856
gives the coincident phases of PDO with respect to the ENSO events considered. We note that some
857
El Niños (La Niñas) were strengthened by positive (negative) PDO, while others coincided with 858 weak or transitioning PDO. 
859
El Niño and PDO
861
The 1986-1988 El Niño, even though was the third strongest event since 1979 (Table 2) 
867
The 1991-1993 El Niño coincided with a PDO transitioning into its positive phase. It triggered the 868 same pattern in runoff but with slightly lower percentages (average of 147% for the whole basin).
869
The Río Conchos benefitted from the highest increase in runoff in spring during that event, SSTA and coinciding with negative PDO, we also computed the change in water availability 890
